Cancer development is often associated with increased fibroblast proliferation and extensive fibrosis; however, the role of fibroblasts during carcinogenesis remains largely unknown. Using the 7,12-dimethylbenz-(a)anthracene and 12-O-tetradecanoylphorbol-13-acetateinduced two-stage skin carcinogenesis model, we demonstrated here that there was a massive accumulation and proliferation of fibroblasts in the skin shortly after application of carcinogen. Selective abatement of these cells during the promotion stage drastically decreased incidence and progression of papillomas. This correlated well with reduced macrophage infiltration and impaired cytokine storm in the affected skin. 12-O-tetradecanoylphorbol-13-acetate stimulated skin fibroblasts, secreting high levels of monocyte chemotactic protein-1, and neutralization of this chemokine eliminated almost completely the fibroblast-induced chemotaxis of macrophages. These results strongly suggest that fibroblasts promote skin tumor development by producing monocyte chemotactic protein-1 and maintaining chronic inflammation. It has been noted putatively that distinct cellular changes in the microenvironment accompany tumor formation.
It has been noted putatively that distinct cellular changes in the microenvironment accompany tumor formation. 1, 2 Increased fibroblast proliferation is often observed adjacent to cancer cells. For example, cancers of lung, liver, and breast are often associated with fibroblast activation, proliferation, and collagen deposition. [3] [4] [5] Fibroblasts may influence cancer development in different ways. Several factors secreted by fibroblasts, such as epidermal growth factor, hepatocyte growth factor, and interleukin-6 (IL-6), can stimulate cancer cell proliferation and enhance their invasive properties. 6, 7 Others, such as vascular endothelial growth factor, stromal cell-derived factor-1, and matrix metalloproteinases, can promote angiogenesis. 8 -10 Fibroblast-derived cytokine IL-1 and chemokine (C-X-C motif) ligand 14 have been shown to play vital roles as immune modulators. 11, 12 Most of these studies, however, came from tumor transplantation experiments, which focus mainly on the role of fibroblasts during the growth of transplanted tumor cells. The physiological role of fibroblasts and the corresponding molecular mechanisms during chemical carcinogenesis is largely unknown.
The 7,12-dimethylbenz-(a)anthracene/12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA)-induced two-stage skin carcinogenesis serves as a well-characterized in vivo mouse model for inflammation-induced epithelial neoplasia, and it mimics the multistage nature of human cancer development. 13 A single application of DMBA induces DNA mutations in epidermal cells and causes tumor initiation. Promotion requires repeated exposure of the skin to TPA, which boosts tumor development via induction of chronic inflammation. 14 Considering the fact that most of human neoplasias are of epithelial origin, and 20% of the cancers are clearly associated with chronic inflammation, [15] [16] [17] it is interesting to analyze the role of fibroblasts during skin carcinogenesis with the well established DMBA/TPA model.
For this purpose, FSP-TK transgenic mice were used, in which the expression of herpes simplex virus-derived thymidine kinase (TK) was expressed under the control of the promoter of a fibroblast-specific gene fibroblast specific protein-1 (FSP1). 18 -20 With activation of the "suicide" gene TK, the phosphorylated products of ganciclovir (GCV) 21 are able to deplete the proliferating FSP1 ϩ cells in vivo selectively. In the current study, we showed for the first time that depletion of proliferating fibroblasts during the tumor promotion stage decreased the incidence and number of papillomas as well as their malignant conversion rate. Furthermore, fibroblasts influenced skin carcinogenesis by direct production of MCP-1 and up-regulation of local inflammation.
Materials and Methods

Mice
BALB/c mice were purchased from Weitonglihua Corporation (Beijing, China). FSP-TK transgenic mice and wildtype control littermates were obtained from Dr. Eric G. Neilson's lab. All mice were bred under specific pathogen-free conditions in the animal facilities at the Institute of Biophysics, Chinese Academy of Sciences. All animal studies were performed with sex-and age-matched mice after being approved by the Institutional Laboratory Animal Care and Use Committee.
Skin Carcinogenesis and GCV Treatment
Groups of FSP-TK mice and control littermates were subjected to a single topical application of 50 g DMBA (Sigma), and 1 week later, 4 g TPA (Sigma) twice a week for 14 weeks. To deplete proliferating fibroblasts, 0.5 mg GCV (HuBeiKeYi Pharmaceutic Corporation) dissolved in acetone was given 0.5 hours after TPA administration. Mice were divided into the following groups: (1) FSP-TK mice treated with DMBA, TPA, and GCV in acetone; (2) FSP-TK mice treated with DMBA, TPA, and acetone alone; (3) control littermates treated with DMBA, TPA, and GCV in acetone; and (4) control littermates treated with DMBA, TPA, and acetone alone.
After shaving a 2-cm 2 area of the dorsal skin, DMBA, TPA, or GCV that was dissolved in 100 l acetone was administered by a micropipette. The area was regularly shaved and tumors of Ն1 mm in diameter, which had been present for at least 2 weeks, were assessed twice per week. Papillomas were evaluated as typically well demarcated, symmetrical, pedunculated, or dome-shaped papules without erosion or ulceration. Carcinomas were scored as poorly demarcated, asymmetrical, nonpedunculated, or dome-shaped papules with erosion or ulceration. The malignancy of all visually detected carcinomas was verified by histological analysis as described previously. 22 The paraffin sections of tumor tissues were stained and analyzed in a double-blinded fashion, and the discrimination between invasive carcinomas and nonneoplastic lesions was performed according to the following major criteria: invasion of the underlying dermis and subcutaneous layer, presence of horn pearls, and atypical cells.
Hyperplasia and Immunohistochemistry
Preparation of cryostat or paraffin tissue sections and immunohistochemistry were done as described previously. 23 The thickness of the epidermis (in micrometers) was measured with an image system (Photoshop; Adobe Systems Inc., San Jose, CA) and calculated as following: the actual thickness of epidermis ϭ on-screen measurements of epidermis/magnification (10 fields per section). For FSP1 staining, paraffin sections were incubated with rabbit anti-FSP1 polyclonal antibodies (a gift from Dr. Eric G. Neilson), then incubated with biotinylated secondary antibody followed by streptavidin-peroxidase. The peroxidase activity was detected with diaminobenzidine (DAB; Sigma) and the sections were counterstained with hematoxylin. For proliferating cell nuclear antigen (PCNA), ␣ smooth muscle actin (␣-SMA), F4/80 and CD11b detection, paraffin or frozen sections were incubated with anti-PCNA (Sigma), anti-␣-SMA (Abcam), anti-F4/80 (eBioscience, San Diego, CA), and anti-CD11b (BD Pharmingen) monoclonal antibodies respectively. Then biotinylated secondary antibody and Rhodamine-labeled streptavidin were used. Sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI; Sigma). For FSP1 and Ki-67 double labeling, paraffin sections were incubated with a mixture of rabbit anti-FSP1 and mouse anti-Ki-67 (BD Pharmingen) antibodies followed by the mixture of Rhodamine-labeled goat anti-rabbit IgG and fluorescein isothiocyanate (FITC)-labeled horse anti-mouse IgG. For FSP1 and ␣-SMA double labeling, paraffin sections were incubated with a mixture of rabbit anti-FSP1 and mouse anti-␣-SMA antibodies followed by the mixture of FITClabeled goat anti-rabbit IgG and Rhodamine-labeled horse anti-mouse IgG. For cytokeratin (CK) and PCNA double labeling, paraffin sections were incubated with a mixture of rabbit anti-CK (Abcam) and mouse anti-PCNA antibodies followed by the mixture of FITC-labeled goat anti-rabbit IgG and Rhodamine-labeled horse anti-mouse IgG. Sections were evaluated under the microscope (DP71, Olympus) for bright-field and fluorescence microscopy.
Cytokine Determination
For detection of cytokines in skin tissues, dorsally shaved TPA-treated skins were homogenized in ice-cold TE buffer. Homogenates were centrifuged at 12,000Xg for 15 minutes. The supernatant was collected and the levels of IL-6, MCP-1, interferon-␥ (IFN-␥), tumor necrosis factor-␣ (TNF-␣), IL-10, and IL-12p70 were assayed by a Mouse Inflammation Cytometric Bead Array (CBA) Kit (BD Pharmingen). The data were analyzed using the CBA software. The relative amount of a target cytokine in one sample ϭ the concentration analyzed by CBA/the weight of the sample. IL-4 and IL-17 were detected by enzymelinked immunoabsorbent assay with paired antibodies (R&D Systems). For detection of cytokines secreted by fibroblasts, mice skin fibroblasts were plated into 96 multiwell plates at 1 ϫ 10 4 cells/well with 0.2 ml of Dulbecco's modified Eagle's medium (DMEM) and cultured for 24 hours. When cells reached confluence, they were incu-bated with 10 nmol/L TPA or without TPA as control for 12 and 24 hours after replacement of the culture medium with serum-free DMEM. Cytokine levels in the supernatant were measured with the CBA kit.
Chemotaxis Assay
Primary fibroblasts were obtained from the back skin of mice as previously described. 18 Fibroblasts were seeded in 24 multiwell plates (1 ϫ 10 5 cells/well) in serum-free DMEM and were treated with or without 10 nmol/L TPA for 24 hours. Then the fibroblast-conditioned medium was collected. Macrophages of FSP-TK mice or control littermates were collected by peritoneal lavage 24 and were labeled with carboxyfluorescein succinimidyl ester (CFSE). Macrophage chemotactic activity was assayed using 24-well transwell chambers fitted with 5-m-pore polycarbonate membranes (Corning Costar). Five ϫ 10 4 CFSE-labeled peritoneal macrophages in serum-free DMEM were seeded in the upper chamber. The lower chamber contained each of the following: DMEM, DMEMcontaining TPA, fibroblast-conditioned medium, fibroblast-conditioned medium containing TPA, fibroblastconditioned media containing TPA and anti-MCP-1 neutralizing antibody (5 g/ml; eBioscience), anti-IL-6 neutralizing antibody (2 g/ml; BD Pharmingen), or isotype IgG. Six hours later, cells that remained at the upper surface of the membrane were removed using a swab; photos of cells that migrated to the lower membrane surface were taken with a microscope digital camera (DP71; Olympus). The number of cells migrating through the filter was counted and plotted as the number of cells per high power field (HPF, ϫ200).
Statistical Analysis
Data were analyzed using two-tailed unpaired Student's t-test. Means Ϯ SD were presented. P Ͻ 0.05 was considered statistically significant.
Results
Skin Carcinogenesis Promoted Proliferation of Local FSP1
ϩ Fibroblasts DMBA/TPA-induced two-stage carcinogenesis induces not only DNA mutations in epidermal cells but also a permanent local chronic inflammation, such as the infiltration of leukocytes and dendritic cells. 14 However, it is still not clear whether fibroblasts are involved in this process. The dynamic changes of fibroblasts in the skin of BALB/c mice before and at different times after the DMBA/TPA application were examined. As shown in Figure 1A and Supplemental Figure S1 (http://ajp. 
amjpathol.org), FSP1
ϩ fibroblasts were mainly nonproliferating cells, scattering under the basal layer proliferating keratinocytes in normal skin. However, DMBA/TPA treatment led to proliferation and a rapid increase of these cells. The mean number of FSP1 ϩ fibroblasts in the affected skin was more than that in untreated skin (31.3 vs. 8.3, per HPF, ϫ400) after three TPA treatments (twice a week, for 3 weeks) which increased further after six applications of TPA (66.7 Ϯ 15.5, per HPF). Interestingly, almost all of the proliferating fibroblasts were FSP1 positive, which did not express ␣-SMA, a marker for myofibroblasts ( Figure 1B) . Although FSP1 ϩ cells were scattered under the basal layer, ␣-SMA ϩ cells were distributed mainly around the blood vessels ( Figure 1C , and see Supplemental Figure  S2 , http://ajp.amjpathol.org). A similar increase of proliferating FSP1 ϩ fibroblasts had been observed when FSP-TK mice were analyzed (data not shown). The increased numbers and the early proliferation of FSP1 ϩ fibroblasts in response to DMBA/TPA treatment indicate that they may play an important part in local inflammation and tumor development.
Abatement of Proliferating Fibroblasts Reduced Skin Tumor Development
The proliferating FSP1 ϩ fibroblasts in the skin were selectively depleted during the promotion stage by applying GCV locally. FSP-TK mice and wild-type control littermates were treated with DMBA/TPA and then either with GCV in acetone or acetone alone as control, for 15 weeks as illustrated in Figure 2A . As anticipated, the number of FSP1 ϩ fibroblasts in the skin decreased dramatically in FSP-TK mice after GCV treatment for 3 weeks, while this did not occur in control littermates ( Figure 2B ). Importantly, the abatement of proliferating fibroblasts led to a significant delay of papilloma development in FSP-TK mice ( Figure 2C ). Papilloma appeared 8 weeks after DMBA application without GCV treatment and, at week 15, all mice had developed at least one papilloma. However, in GCV-treated group, the first papilloma appeared at week 10, and only 50% of the mice had developed papilloma at week 15. Furthermore, the average number of papilloma/mouse was significantly fewer at this time point in those mice whose proliferating fibroblasts had been abated (1.3 Ϯ 0.7 vs. 4.1 Ϯ 1.1) ( Figure 2D ). A typical result is shown in Figure 2E .
Whereas most tumors were benign papillomas, a fraction of tumors had progressed to carcinomas with clear evidence of local invasion by week 25. As assayed by histological analysis, malignant tumors were squamous cell carcinomas and no apparent morphological differences in tumor structure had been detected between the control and GCV-treated groups ( Figure 2F ). However, the invasive tumors were rarely found after the abatement of proliferating fibroblasts in FSP-TK mice. In the control group, 14.7% of papillomas developed into invasive squamous cell carcinomas, whereas 7.4% of papillomas in GCV-treated group developed into invasive squamous cell carcinomas ( Figure 2F ). In wild-type control mice, the incidence, average number, and malignant conversion rate of papillomas with GCV treatment were similar to the group without GCV treatment (see Supplemental Figure  S3 , http://ajp.amjpathol.org), indicating that the delay of skin tumor development in GCV-treated FSP-TK mice was merely due to the abatement of proliferating fibroblasts rather than the direct effect or indirect effect of GCV. The fact that the abatement of FSP1 ϩ cells at the promotion stage confers mice a significant protection against skin carcinogenesis strongly suggests that proliferating fibroblasts elicit a tumor-promoting function in the DMBA/TPA model. Groups of FSP-TK mice and control littermates were treated with DMBA/TPA and either acetone alone as control or GCV in acetone. After 3 weeks of GCV treatment, skin sections were stained with anti-FSP1 for fibroblasts (red). As counterstaining, DAPI was used for cell nucleus (blue). Epidermis and dermis boundary is marked by dotted line. The mean numbers of FSP1 ϩ cells per HPF (ϫ200) are shown on the right. *P Ͻ 0.05; **P Ͻ 0.01. C: Groups of FSP-TK mice were treated as illustrated above, percentages of mice with papilloma as well as (D) average numbers of papillomas per mouse were recorded at different times after the application of DMBA/TPA, *P Ͻ 0.05. E: Representative pictures of papillomas developed on the dorsal skin of two pairs of control and GCV-treated FSP-TK mice at week 15. F: Tumors arising in GCV-treated FSP-TK mice exhibited lower incidence of malignant conversion. Top, H&E section of invasive squamous cell carcinomas. Tumors were evaluated as described in Materials and Methods. Bottom, percentages of invasive squamous cell carcinomas in the indicated number of papillomas (N) in control and GCV-treated FSP-TK mice at week 25.
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Epithelial Cell Proliferation and Local Inflammation Were Reduced in the Absence of Proliferating Fibroblasts
Histological examination of papillomas in FSP-TK mice with or without GCV treatment was conducted at week 15 after DMBA/TPA application. As shown in Figure 3A , besides the reduced epidermal thickness, there were less FSP1 ϩ and PCNA ϩ cells in GCV-treated papillomas than in control papillomas. Actually this difference was observed even at week 3 after DMBA/TPA application. Inflammation-induced epidermal incrassation was significantly impaired in GCV-treated mice (40.8 Ϯ 11.7 m) compared with that in control mice (96.1 Ϯ 18.1 m) after receiving six treatments ( Figure 3B ). The proliferation potential of epidermal cells is another marker of the TPAinduced inflammatory reaction in the skin. Immunohistochemistry analysis by PCNA/CK double staining revealed that there were fewer proliferating keratinocytes in the skin after the abatement of proliferating fibroblasts (Figure 3C) .
Cytokines and chemokines are important mediators of inflammation. To investigate the effect of fibroblast depletion on the local inflammation, we quantified a series of proinflammatory cytokines and chemokines in both the TPA-treated skin tissues with and without GCV treatment. The level of IL-10 and IL-12p70 were below the detection threshold in both groups of mice. There were no significant differences in the levels of IFN-␥, IL-17, and IL-4 between the two groups. However, the concentration of MCP-1, IL-6, and TNF-␣ decreased significantly with GCV treatment for 3 weeks ( Figure 4A ). These results indicate the importance of fibroblasts for maintaining the chronic inflammation.
TPA Directly Stimulated the Production of MCP-1 by Skin Fibroblasts
To investigate how fibroblasts influence skin inflammation, we examined the direct effect of TPA on the production of Figure 4B ). Interestingly, skin fibroblasts produced large amounts of MCP-1 and after addition of 10 nmol/L TPA; the secretion of MCP-1 was significantly increased from 1345.3 Ϯ 189.9 to 2622.2 Ϯ 224.1 pg/ml at 12 hours, and from 2443.8 Ϯ 424.6 to 4381.7 Ϯ 297.7 pg/ml at 24 hours ( Figure 4B ). Similar results were obtained with skin fibroblasts isolated from wild-type control mice (data not shown). Therefore, the secretion of MCP-1 by fibroblasts may play an important role in DMBA/TPA-induced papilloma development, and the decreased level of MCP-1 in skin tissues may result from the abatement of proliferating fibroblasts.
Proliferating Fibroblasts Maintained Macrophage Infiltration During Inflammation
MCP-1 has been reported to be an important chemokine for the recruitment of macrophages. 25 We wonder whether the local macrophage accumulation was influenced by the depletion of proliferating fibroblasts. The macrophage infiltration has been subsequently evaluated at different time points both in the presence and absence of proliferating fibroblasts in the DMBA/TPA-treated skin. Indeed, in both papillomas and skin tissues 3 weeks after the exposure of DMBA/TPA, a drastic reduction of macrophage numbers was observed in GCV-treated FSP-TK mice ( Figure 5) . The difference existed for at least 15 weeks (data not shown). The finding suggests that fibroblasts contribute to the maintaining of chronic inflammation, at least partly, via recruitment of macrophages to the inflammatory tissue.
Skin Fibroblasts Could Recruit Macrophages via Secretion of MCP-1
To confirm that MCP-1 secreted by TPA-treated fibroblasts leads to macrophage recruitment, a transwell as- say was performed. Hardly any macrophages migrated toward DMEM ( Figure 6A ) and TPA ( Figure 6B ). However, the motility of macrophages to fibroblasts was significantly increased by the TPA treatment of fibroblasts (Figure 6C-D) . Furthermore, the increased migration of macrophages could be blocked by neutralization of MCP-1 ( Figure 6E ), but not IL-6 activity in the culture ( Figure 6F ). And the mean numbers of macrophages migrated through the filter are shown in Figure 6G . Together, these results suggested that fibroblasts enhance inflammatory reaction by production of MCP-1 and promoting macrophage recruitment, which in turn promote cancer development.
Discussion
In this study, we have demonstrated that fibroblasts promote the early stages of DMBA/TPA-induced two-stage skin carcinogenesis by sustaining MCP-1 associated inflammation. DMBA/TPA treatment induced the proliferation of fibroblasts in the skin. The inflammatory reaction was impaired after the selective depletion of proliferating fibroblasts in the skin in FSP-TK transgenic mice. This led to reduced local MCP-1 concentration and impaired macrophage infiltration. As a result of down-regulated inflammation, the incidence and malignant conversion rate of DMBA/TPA-induced papillomas were reduced. However, the direct relationship between MCP-1 derived from FSP1 ϩ fibroblasts and skin carcinogenesis still need further investigation, eg, by conditional knockout of MCP-1 in FSP1 ϩ cells. The role of fibroblasts in tumors has been investigated intensively recently. Most of the studies have demonstrated that fibroblasts-derived matrix metalloproteinases 26 and cytokines such as vascular endothelial growth factor, 8 stromal cell-derived factor-1, 9 and IL-6, 7 enhanced epithelial tumor growth and progression by using tumor transplantation models. However, whether the results are unique for transplanted tumors is not clear. This study is the first report in which abatement of proliferating fibroblasts in vivo was achieved to study the role of fibroblasts in chemical-induced skin carcinogenesis. Recent studies have revealed the heterogeneity of fibroblasts in different tumor types and tissues, and both ␣-SMA and FSP1 are usually used to identify fibroblasts. 27 Interestingly, in TPA-treated skin tissues, ␣-SMA ϩ cells are mainly located around the blood vessels in the skin ( Figure 1C and see Supplemental Figure  S2 , http://ajp.amjpathol.org) and these cells are likely to be vascular smooth muscle cells or pericytes around the vascular walls. 28 We double-stained the skin tissue with ␣-SMA and FSP1 and found that there were seldom ␣-SMA and FSP1 double positive cells in the TPA-treated skin ( Figure 1B) , which is similar with the former discovery in the tumor, 29 indicating that TPA mainly simulated the proliferation of a unique population of FSP1 ϩ fibroblasts that are regarded as the most important class of fibroblasts present in many tissues. 20, 30 FSP1 usually serves as a sensitive and specific marker for fibroblasts. 31 Recently, using FSP1 as the promoter in Cre-loxp system, Trimboli et al 32 described that Pten in stromal fibroblasts suppresses mammary epithelial tumors. And in normal mice, it has been proved that FSP1 is specific for fibroblasts by genetic and protein criteria. 18 Also, we have found that no expression of FSP1 in F4/80 ϩ macrophages and CD31 ϩ endothelial cells in TPA-treated mouse skin tissues (see Supplemental Figure S4, http://ajp.amjpathol.org) . Therefore, during our experiments, FSP1 was used as the marker for fibroblasts in TPA-treated skin.
Tumor development is a multistep process. In the DMBA/TPA-induced skin carcinogenesis model, tumor development undergoes different stages-initiation, promotion, and progression. Here, for the first time, it was demonstrated that the proliferating fibroblasts accelerated tumor development during the promotion stage. The model was also well suited to analyze the "FSP1 ϩ fibroblasts"-dependency at other stages. And we found that tumor development was not obviously influenced by GCV treatment during the initiation stage, in which fibroblasts largely were not activated (data not shown). However, the role of fibroblasts during progression stage still needs further investigation.
It has been reported that TPA induces substantial cellular changes when applied to mouse epidermis, such as the infiltration of leukocytes and dendritic cells. 33 However, whether fibroblasts participate in TPA-induced hyperplasia or not has not been studied. Here we found that fibroblasts could be activated and proliferate to the repeated applications of TPA. FSP1 ϩ fibroblasts increased significantly and were maintained at a relatively high level throughout the promotion stage (Figure 1) . Remarkably, FSP1 is also a prototypical marker for cells after epithelial-mesenchymal transition (EMT) during cancer development and fibrogenesis. 34 During tissue repair and inflammatory injury, most epithelial cells undergoing type 2 EMT express FSP1 early in transition to fibroblasts. 34 By double-staining of E-cadherin and FSP1, a few FSP1 ϩ epithelial cells were indeed detected after repeated applications of TPA (data not shown). Because no evidence showed cancer development when GCV was applied to deplete proliferating fibroblasts in the promotion stage, type 2 EMT may be one source of FSP1 ϩ fibroblasts in this process. 35 The results suggest that fibroblasts contribute to the generation and maintenance of an inflammatory microenvironment.
Fibroblasts may maintain local inflammation via secretion of MCP-1, subsequently promoting papilloma development. Previous studies have indicated that activated fibroblasts produce high levels of cytokines including IL-1, IL-6, IL-8, IL-10, and MCP-1, 27, 36 and primary fibroblasts isolated from breast carcinomas secrete high levels of IL-6 and MCP-1. 37 In this study, we found that levels of IL-6, TNF-␣, and MCP-1 decreased after the abatement of proliferating fibroblasts ( Figure 4A ). It has been reported that mice deficient in TNF-␣ or MCP-1 are resistant to skin carcinogenesis. 38, 39 However, there are no significant differences in DMBA/TPA-induced papillomas between IL-6 ϩ/ϩ and IL-6 Ϫ/Ϫ C57/BL6 mice. 40 In the current study, TPA stimulated MCP-1 secretion by skin fibroblasts in vitro more effectively, rather than TNF-␣ and IL-6 ( Figure 4B) , suggesting that the secretion of MCP-1 by fibroblast might play a role in skin tumor development. Therefore, the activation of an inflammatory tumor microenvironment may depend at least partly on fibroblasts. In agreement with this finding, Mueller et al 41 recently reported that stromal fibroblasts could generate an inflammatory microenvironment to promote colorectal liver metastases. In addition, recently Erez et al 42 demonstrated that cancerassociated fibroblasts mediate tumor-enhancing inflammation in a nuclear factor-B-dependent manner.
MCP-1 is one of the key factors involved in the infiltration of inflammatory cells. Its expression has been observed in multiple inflammatory diseases, [43] [44] [45] and in many types of tumors. 46 It has been found that tumor stromal cells can express a high level of MCP-1 in prostate carcinomas, 47 ovarian cancers, 48 and invasive cervix carcinomas. 49 MCP-1 is important in inflammationassociated cancer because of a chemoattractant effect on monocytes and macrophages. 25 Here, we found that the migration of macrophages in response to TPA-treated fibroblasts increased and inhibition of MCP-1 by neutralizing antibodies reduced the migration of macrophages in vitro ( Figure 6 ). These results suggest that MCP-1 promotes skin tumor development mainly by recruitment of macrophages and elevation of inflammation, which is consistent with reduced papilloma development in MCP-1 Ϫ/Ϫ mice. 39 It should be noted that MCP-1 can be secreted by different cell types, such as fibroblasts, 50 macrophages, 51 ,52 endothelial cells, 53 and epithelial cells. 54 In our experiments, the decreased level of MCP-1 in the skin on depletion of FSP1 ϩ cells and the enhanced ability to produce MCP-1 after TPA stimulation by fibroblasts indicate that MCP-1 secreted by fibroblasts is sufficient to maintain DMBA/TPA-induced skin inflammation. Whether MCP-1 secreted by other cell types also plays a role certainly needs further investigation.
In conclusion, our results demonstrate that fibroblasts directly participate in skin carcinogenesis, at least partly, by producing MCP-1 and maintaining local inflammation. This provides direct evidence and a novel explanation for how fibroblasts influence skin carcinogenesis. Fibroblast engagement may provide a promising strategy for treatment of inflammation-associated cancer.
